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Introduction
Large deformation at cryogenic temperatures is sometimes considered as a promising and cost-effective method for the production of bulk fine-grain materials [e.g. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The low deformation temperatures are believed to suppress dynamic recovery and stimulate mechanical twinning, thereby enhancing grainrefinement. Such an approach may reduce the level of stain required to achieve an ultrafine microstructure and thus enable the use of industrial working processes to produce ultrafine-grain materials.
For Cu-30Zn brass, cryogenic rolling coupled with subsequent recrystallization annealing was previously shown to be a simple and effective approach for producing an ultrafine microstructure [15, 16] . As an extension of the previous research, the present effort was undertaken to determine the specific effect of electric-current pulses (ECP) of very short duration on the microstructure developed in this material.
ECP treatment of cold worked commercially-purity copper has recently attracted significant interest [17] [18] [19] [20] [21] [22] [23] . In contrast, a review of the technical literature reveals only a single investigation of the influence of ECP on the microstructure developed in cold-rolled Cu-30Zn brass [24] . Here it was found that pulsing led to recrystallization, and the recrystallized grain size was smaller than that after static annealing. The grain-refinement effect during ECP was attributed to a high nucleation rate during recrystallization, associated with higher-than-normal peak temperatures, as well as to an increase in the mobility of dislocations in the presence of the electric current, i.e., the phenomenon sometimes referred to as "electron wind". Despite this previous research, many important aspects of microstructural response of deformed Cu-30Zn brass to ECP as well as the potential of this approach for producing an ultrafine microstructure are not clear. Hence, in this work, the electron back-scatter diffraction (EBSD) technique was applied to characterize microstructure evolution in detail and thereby provide deeper insight into the mechanisms of recrystallization and grain growth.
Material and Experimental Procedures
The program material comprised Cu-30Zn with a measured composition (in wt.%) of 29.5 Zn, 0.5 Pb, balance Cu and traces of some other elements. The material was produced by ingot casting followed by 10% cold rolling and a subsequent 30-min anneal at 800C. Sections of this material were then cryogenically rolled to 90-pct. overall thickness reduction (true strain = -2.3) using multiple passes of ~10 pct. each. In order to provide cryogenic-deformation conditions, the rolling perform and work rolls were soaked in liquid nitrogen prior to each pass and held for 20 minutes; immediately after each pass, the workpiece was re-inserted into liquid nitrogen. The typical flat-rolling convention was adopted in this work; i.e., the rolling, long-transverse, and thickness/normal directions were denoted as RD, TD, and ND, respectively. The details of the cryo-rolling process are described elsewhere [13, 14] .
ECP was performed under ambient conditions by discharge of a highvoltage capacitor bank through the cryo-rolled specimens † . The waveform of the ECP was measured using a Rogowski coil [25] and C8-17 dual-trace storage oscilloscope and found to consist of a damped oscillation. Due to the relatively small specimen thickness, the skin effect was assumed to be negligible. Further details of the ECP treatment are described elsewhere [26] .
The energy released during ECP was quantified by the integral current density, Kj [25] :
in which j denotes the current density,  is pulse duration, k is the coefficient of the Rogowski coil ( k =44 kA/V), S is the cross-sectional area of the pulsed specimen, and 1 A , 2 A and 3 A are the first, second, and third amplitudes of the † The specimen's layout during ECP is shown in Supplementary figure S1.
damped current, respectively. The pulse duration was 140 s in all cases. To establish the effect of ECP energy on structural response, the integral current density was varied from j K =1.34 x 10 4 A 2 smm -4 to j K = 2.58 x 10 4 A 2 smm -4 . For comparison purposes, several cryo-rolled specimens were also furnace annealed under different temperature/time conditions. The details of such static heat-treatments are described elsewhere [15] .
Microstructure observations and texture measurements were performed via EBSD. For this purpose, samples were prepared using conventional metallographic techniques followed by long-term (24 h) vibratory polishing with a colloidal-silica suspension. EBSD analysis was conducted using a Hitachi S-4300SE field-emission-gun, scanning-electron microscope (FEG-SEM) equipped with a TSL EDAX OIM TM EBSD system. To determine the microstructure at various length scales, EBSD maps were acquired from each sample using different scan-step sizes ranging from 0.05 to 2 m. To improve the reliability of the EBSD data, small grains comprising three or fewer pixels were automatically removed from the maps using the grain-dilation option in the TSL software. Furthermore, to eliminate spurious boundaries caused by orientation noise, a lower limit boundary-misorientation cutoff of 2 was used. A 15 criterion was employed to differentiate low-angle boundaries (LABs) and high-angle boundaries (HABs). Grains were defined as crystallites bordered by a continuous HAB perimeter.
The variation of chemical composition within the material was examined using an energy-dispersive X-ray spectroscopy (EDX) system installed in a Philips XL-30 FEG-SEM. To obtain a broader view of microstructural changes, Vickers microhardness profiles were also measured across the ECP-processed zone of each sample using a load of 100 g for 10 s.
Results and Discussion

Joule heating
ECP is well accepted to lead to material (Joule) heating. However, due to the very short duration of the current pulse (~10 -4 s), direct measurement of the temperature transients is essentially impossible. Thus, the temperature rise is usually estimated theoretically, e.g., from the following equation [25] :
Here,  denotes electrical conductivity; 0 is room temperature; TK is the peak temperature developed in the specimen; and  and c are its density and specific heat, respectively. The temperature dependence of , , and c are given in Supplementary Fig. S2 . Using these values of the material coefficients, the relationship between the integral current density and the calculated peak temperature was determined (Fig. 1a) . In the present work, the predicted temperature varied from ~270C (0.44 Tm, in which Tm denotes the melting point) at Kj = 1.29 x 10 4 A 2 smm -4 to ~710C (0.80 Tm) at Kj = 2.58 x 10 4 A 2 smm -4 ( Fig.  1a) . It should be noted, however, that the real temperature distribution in each pulsed sample was likely inhomogeneous, as shown in [23] . Hence, the calculated temperature should be considered as an approximate spatial average.
The rapid and localized heating also tends to give rise to heterogeneous thermal expansion and thus the development of a thermal stress. Quantification of such effects is difficult, but the approximate magnitude of the peak stress max  can be estimated from the following relation for a fully-constrained sample [28] :
Here, E is Young's modulus (11,200 MPa at ambient temperature),  is the thermal expansion coefficient (18.8 x 10 -6 C -1 ), and T  is the temperature rise.
Using Equation (3), the maximum thermal stress was predicted to increase with temperature (i.e., integral current density) from ~55 MPa to ~150 MPa (Fig. 1b) . These magnitudes are comparable to the yield strength of Cu-30Zn brass at ambient temperature (75 -450 MPa [29] ) and thus may give rise to plastic deformation during ECP processing. Indeed, cracking was observed in the specimens pulsed at Kj 2.1 x 10 4 A 2 s mm -4 , and the sample treated at Kj = 2.58 x 10 4 A 2 s mm -4 was totally fractured. The possible effect of the thermallyinduced stresses on microstructure evolution is discussed in Section 3.3.
Dezincification
During annealing of Cu-30Zn brass at relatively high temperatures, vaporization of Zn from the material (so-called dezincification) is known to occur [30] ; this process is believed to become especially pronounced at ~900C [31] . Furthermore, if the pulsing were to give rise to the "electron-wind" effect, dezincification might be enhanced. To examine this possibility, the concentration of zinc at the free surface of the sheets was measured as a function of integral current density (Fig. 2) . It was found that the zinc content was reduced only slightly, if at all, and did not depend systematically on integral current density/peak temperature.
Grain structure
Selected portions of grain-boundary EBSD maps showing the characteristic grain structures which were developed during cryo-rolling or subsequent pulsing at different integral current densities are shown in Fig. 3 . For comparison purposes, the microstructures of several statically-annealed specimens are given in Fig. 4 . In these maps, LABs, HABs, and 3 twin boundaries (within a 5 tolerance) are depicted by red ‡ , black, and gray lines, respectively. Misorientation and grain-size measurements are summarized in Figs. 5 and 6, respectively.
The microstructure of the as-cryo-rolled sample (Fig. 3a) was markedly inhomogeneous and could be described in terms of remnants of coarse original grains with poorly-developed substructure and ultrafine-grain domains. The latter regions consisted of shear bands, mechanical twins, and a dense LAB substructure. The mean grain size in the ultrafine-grain areas was ~0.2 m. As ‡ The reader is referred to on-line version of the paper to view the figures in color.
shown in previous papers [13, 14] , the formation of this microstructure was related to the very heterogeneous character of microstructure evolution during cryogenic rolling.
Electric pulsing at Kj = 1.29 x 10 4 A 2 smm -4 led to significant microstructural changes (Fig. 3b) . The principal features comprised a number of nearly-equiaxed LAB-free grains within the original heavily-deformed matrix, i.e., the microstructure had become essentially bimodal. The very large difference between the microstructural constituents suggested that the material had undergone the initial stages of recrystallization. In addition, the recrystallized grains often contained annealing twins as well. These observations suggested that microstructure development during pulsing presumably involved nucleation and growth of recrystallization nuclei, i.e. discontinuous recrystallization. The growth of the recrystallized grains partially eliminated LABs and increased the proportion of 3 (twin) boundaries (Fig. 5a) . Remarkably, the predicted peak temperature during ECP of this sample was ~270C (0.44 Tm) (Fig. 1a) , which is lower than the typical recrystallization temperature for heavily-cold-worked Cu30Zn brass (~280C [32] ).
An increase of the integral current density to Kj = 1.34 x 10 4 A 2 smm -4 resulted in a nearly-completely-recrystallized grain structure (Fig. 3c) . This reduced the LAB fraction to ~10 pct., and increased the fraction of 3 annealingtwin boundaries to ~50 pct. (Fig. 5a) . However, the overall microstructure was somewhat inhomogeneous, comprising both relatively-small and large grains (Figs. 3c) . This non-uniformity likely resulted from differences in the recrystallization kinetics for the fine-and coarse-grain constituents of the cryorolled material seen in Fig. 3a . Nevertheless, the mean grain size (including twin boundaries) was still rather fine, i.e., ~0.5 m (Fig. 6a) , thus lying within the ultrafine-grain regime. Hence, it has been demonstrated that cryogenic rolling coupled with ECP at a relatively low current density can indeed produce an ultrafine-grain microstructure.
It is important to note that a recrystallized microstructure was developed at a predicted peak temperature of only ~285C (0.45 Tm) (Fig. 1a) with Kj = 1.34 x 10 4 A 2 smm -4 . By contrast, static annealing of the cryo-rolled material at 300C for 1 h produced only a partially-recrystallized microstructure (Fig. 4a) . To complete the recrystallization process during static heat treatment, annealing at 400C (0.55 Tm) was required (Fig. 4b) . Despite the significant temperature difference, the recrystallized materials in both the pulsed and statically-annealed conditions showed broad similarity in microstructure morphology (e.g., Fig. 3c vs Fig. 4b ), misorientation distribution, and grain-size distribution (Figs. 5b & 6b,  respectively) .
Further increases in the current density led to microstructure coarsening which, however, saturated at Kj ~ 1.6 x 10 4 A 2 smm -4 (Fig. 6a) . Simultaneously, the twin boundary fraction decreased to ~40 pct. (Fig. 5a) . The microstructures which evolved at the highest integral current densities were dominated by lowaspect-ratio grains containing a significant proportion of annealing twins but typically almost no LABs (Fig. 3d) . In terms of morphology and misorientation/ grain-size distributions, the microstructures were somewhat similar to that produced during static annealing at 500C (0.63 Tm) for 1 h (Figs. 4c, 5c, 6b) . It is likely therefore that final microstructure formation in these pulsed specimens was governed by grain growth, similar to that during static annealing. It should be emphasized that the peak temperature for the higher integral current densities was predicted to increase continuously from ~400C (0.55 Tm) to 710C (0.80 Tm) (Fig. 1a) . However, in view of the very short duration of the pulsing treatment (~10 -4 s), the majority of the grain growth occurred presumably during the cooling stage of the ECP treatments, as has been suggested previously [23] . Nevertheless, the still relatively-short cooling time explains perhaps the observed insensitivity of grain growth to pulsing temperature (Fig. 6a) .
It is also worth noting the microstructures produced during pulsing at high integral current densities contained isolated grains with poorly-developed LAB substructure (e.g., the region circled in Fig. 3d ). This phenomenon may be related to large thermal stresses and concomitant plastic strain under these conditions (Fig. 1b) as discussed in Section 3.1.
Texture
To provide additional insight into the ECP process, texture evolution was quantified using orientation distribution functions (ODFs) (Fig. 7) derived from the EBSD maps. An ODF showing the ideal rolling textures typically developed in face-centered-cubic metals is also presented here (Fig. 7a) . Moreover, ODFs of several statically-annealed samples are shown in Fig. 8 .
The cryo-rolled material was characterized by a relatively-strong texture which could be described in terms of the superposition of two partial fibers:  <110>//ND and  <111>//ND; the  fiber was more pronounced than the  fiber (Fig. 7b) . Within the -fiber, strong Brass {110}<112> and Goss {110}<100> components were noted, whereas the -fiber was dominated by the Y {111}<112> texture component (Fig. 7b) . As shown in previous efforts [13, 14] , the Brass and Goss orientations were mainly found in coarse-grain remnants, whereas the -fiber and Y component originated from the ultrafine-grain domains of the cryo-rolled microstructure.
Partial recrystallization occurring during pulsing at Kj = 1.29 x 10 4 A 2 smm -4 significantly enlarged the orientation spread and thus weakened the strength of the overall texture (Fig. 7c) . The intensities of the -fiber as well as the Brass and Goss components were reduced (Fig. 7c) . Moreover, the -fiber and the Y orientation disappeared almost completely (Fig. 7c) ; this perhaps provided evidence that recrystallization developed most rapidly in the shear-band regions. The completion of the recrystallization process at Kj = 1.34 x 10 4 A 2 smm -4 produced a somewhat different texture (Fig. 7d) which, however, exhibited a number of similarities to the texture of statically-recrystallized material (Fig. 8a , Table 1 ). In both conditions, the textures were dominated by the Brass-R (79;31;33) orientation, but also contained a significant fraction of Brass (35;45;0) and Goss (0;45;0) components. These orientations were as expected in recrystallized materials with low stacking-fault energy, including Cu-30Zn brass [26] . However, the pulsed material also contained a relatively-large proportion of the P (70;45;0) texture component (Fig. 7d, Table 1 ). The difference between the textures of the statically-annealed (Fig. 8a) and pulsed (Fig. 7d) samples did suggest that the recrystallization mechanisms were not identical. Specifically, the development of P texture during recrystallization of rolled face-centered metals has been sometimes attributed to the interaction between recrystallization and second-phase particles [33, 34] . Indeed, the precipitation of secondary particles has been recently revealed during static annealing of cryogenically rolled Cu30Zn brass [35] . Electric pulsing may enhance this process and thus affect the mechanism of recrystallization nucleation. This hypothesis requires experimental verification, however.
The textures developed at higher integral current densities were characterized by a superposition of a pronounced Brass-R component and relatively strong  fiber (Fig. 7e) , and thus were similar to that developed during static annealing (Fig. 8b) . This similarity likely indicated the similarity of graingrowth mechanisms for these annealing conditions.
Microstructure-strength relationship
The benefit of the ECP on strength was quantified, at least approximately, by the microhardness traverses measured across the pulsed specimens; typical examples are shown in Fig. 9a . As expected, recrystallization and subsequent grain growth provided significant softening. Furthermore, the microhardness varied measurably in the processed zone, thus perhaps indicating an inhomogeneous temperature distribution during pulsing, as suggested in Section 3.1.
The mean microhardness in the central part of the pulsed samples decreased with integral current density (Fig. 9b) . It reached a minimum for Kj  1.6 x 10 4 A 2 smm -4 (Fig. 9b) . This finding agreed well with the observation of a corresponding plateau in grain size (Fig. 6a) , as discussed in Section 3.3.
To evaluate the microstructure-strength relationship, the microhardness data were arranged as a Hall-Petch plot (Fig. 9c) . The reasonably good agreement between the experimental data and this classical model indicated perhaps that the material strength was governed primarily by grain size, i.e., the thermal stress did not result in significant work-hardening, at least in the central part of the processed zone. It should be noted however, the applicability of the Hall-Petch fit in terms of microhardness data is somewhat approximate for two reasons. First, the imposed strain in hardness tests is relatively large (~0.05 -0.10). Hence the measured hardness values are averages of flow stress over a wide range of strain. Because the work-hardening rate and average flow stress may vary with grain size (due to complex slip and possibly deformation-twinning processes), the true yielding behavior is masked in hardness data. Second, the hardness values may also be influenced by texture differences in the various samples, as shown in Figs. 7c-e.
Summary and Conclusions
The effect of electric current pulses (ECP) on the evolution of microstructure and texture in cryogenically-rolled Cu-30Zn brass was established. To this end, the material was rolled to a 90% thickness reduction at liquid-nitrogen temperature and then pulsed at an integral current density Kj ranging from 1.29 x 10 4 A 2 smm -4 to 2.58 x 10 4 A 2 smm -4 . Grain structure and texture changes were quantified using an EBSD technique. The main conclusions from this work are as follows: 1) ECP results in recrystallization and grain growth. For the processing conditions investigated in the present work, the temperature rise induced by Joule heating has been estimated to range from 270C (0.44 Tm) to 710C (0.80 Tm), the specific value depending on the integral current density. The maximum thermal stresses associated with inhomogeneous thermal expansion have been estimated to increase from 55 MPa to 150 MPa. 2) Recrystallization textures in pulsed vs statically-annealed specimens are somewhat different. Specifically, the ECP material exhibits a relatively-high proportion of the P (0;45;0) orientation. Moreover, the estimated recrystallization temperature during pulsing (~285C or 0.46 Tm) is noticeably lower than that for static annealing (400C or 0.55 Tm). These observations thus suggest a somewhat different recrystallization mechanism for the ECP process. 3) With optimal processing conditions, the mean grain size in the recrystallized condition is ~0.5 m. Therefore, cryogenic rolling coupled with ECP can be used to produce an ultrafine-grained structure in Cu-30Zn brass. However, the processing window is relatively narrow, i.e., from Kj = 1.34 x 10 4 A 2 smm -4 to Kj = 1.42 x 10 4 A 2 smm -4 . 4) Further increases in integral current density above ~1.4 x 10 4 A 2 smm -4 lead to rapid grain growth, which plateaus at Kj ~ 1.6 x 10 4 A 2 smm -4 . The microstructure and texture developed using such higher integral current densities are broadly similar to those produced during static annealing at 500C for 1 h. Considering the very short duration of ECP per se (~10 -4 s), grain growth in these cases likely occurs predominantly during cooling of pulsed specimens to ambient temperature. The observed maximum in the final grain size during ECP may thus be attributed to limited cooling time. 5) Recrystallization and grain growth developed in ECP specimens lead to measurable softening. The dependence of microhardness on grain size can be described in terms of a Hall-Petch-like relation.
